Keratoconus (KTCN), a non-inflammatory corneal disorder characterized by stromal thinning, represents a major cause of corneal transplantations. Genetic and environmental factors have a role in the etiology of this complex disease. Previously reported linkage analysis revealed that chromosomal region 13q32 is likely to contain causative gene(s) for familial KTCN. Consequently, we have chosen eight positional candidate genes in this region: MBNL1, IPO5, FARP1, RNF113B, STK24, DOCK9, ZIC5 and ZIC2, and sequenced all of them in 51 individuals from Ecuadorian KTCN families and 105 matching controls. The mutation screening identified one mutation and three sequence variants showing 100% segregation under a dominant model with KTCN phenotype in one large Ecuadorian family. These substitutions were found in three different genes: c.2262A4C (p.Gln754His) and c.720+43A4G in DOCK9; c.2377-132A4C in IPO5 and c.1053+29G4C in STK24. PolyPhen analyses predicted that c.2262A4C (Gln754His) is possibly damaging for the protein function and structure. Our results suggest that c.2262A4C (p.Gln754His) mutation in DOCK9 may contribute to the KTCN phenotype in the large KTCN-014 family.
INTRODUCTION
Keratoconus (OMIM 148300, KTCN) is typically a bilateral, noninflammatory, progressive corneal disorder associated with stromal thinning and protrusion, which causes altered refractive powers of the eye and loss of visual acuity. KTCN occurs with an incidence of B1 in 2000 individuals for the isolated form of the disorder in the general population, and is a leading cause for corneal transplantations in developed countries. 1 KTCN is seen in all ethnic groups with no male or female predominance. 1, 2 However, some studies suggest higher predisposition among male and Asian patients. 3, 4 The most common presentation of KTCN is an isolated form, although [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] .5% of patients report a positive family history. 5 Association of KTCN cases with rare genetic syndromes including connective tissue disorders, for example, Ehlers-Danlos syndrome, 6 mitral valve prolapse, 7 osteogenesis imperfecta 8 and other disorders including Down syndrome 9 or Leber congenital amaurosis, 10 was also described. While the etiology of the disease is still unclear, it is believed that both genetic and environmental factors are involved in its pathogenesis. 11 A number of studies reported microtrauma of the corneal epithelium as a cause of KTCN in connection with eye rubbing, allergy 12, 13 or contact lens wear. 1 However, twin studies and familial transmission studies provided strong evidence of genetic factor involvement. 14, 15 Most of familial KTCN cases indicate an autosomal dominant pattern of inheritance with variable expression of the phenotype. 5, 15 Several loci responsible for a familial KTCN have been mapped, including 16q22.3-q23.1 (KTCN2; MIM 608932), 16 25 and 20q12. 26 Other reports have also suggested mutations in SOD1 (MIM 147450, locus 21q22.11) and VSX1 (KTCN1, MIM605020, locus 20p11.2) genes as involved in the KTCN etiology. 27, 28 However, these results are yet to be replicated.
In 2009, we reported a novel locus for familial KTCN at 13q32, using single-nucleotide polymorphism (SNP) arrays (Affymetrix, Santa Clara, CA, USA, GeneChip Mapping 250K Nsp Array) to genotype 10 affected and 11 unaffected individuals from a large Ecuadorian KTCN family (KTCN-014). 29 To continue the KTCN gene search, likely KTCN candidate genes were selected at the 13q32 locus for screening by direct sequencing.
The 5.6 Mb region on the 13q32 locus contains 25 known transcripts. Among them, eight candidate genes were chosen for further analyses (Figure 1 ).
Candidate genes selected for mutation screening were inferred from previous observations and/or hypotheses that the level of transcription factor Sp1, a member of the zinc finger protein family, is elevated in KTCN, 30 and that the etiology of KTCN may be related to aberrations in developmental programming or differentiation, 31 oxidative stress, apoptosis and/or metabolic defects. 32 The candidate genes examined were divided into three categories. The first group was the promising genes, which are possibly involved in KTCN as players in development and differentiation. One gene belonging to this category is muscleblindlike protein 2 (MBNL2 (MIM 607327)), a member of the muscleblind protein family. MBNL proteins regulate alternative splicing and are required for terminal differentiation of muscle and photoreceptor tissues. 33 Another promising gene is FARP1 (MIM 602654) that codes for FERM, RhoGEF and pleckstrin domain-containing protein 1 (chondrocyte-derived ezrin-like protein), and may function as Rhoguanine nucleotide exchange factor. 34 This first category also included retrogene RNF113B, encoding ring finger protein 113B, as well as ZIC5 and ZIC2 (MIM 603073) genes, which encode members of the ZIC transcription factors family -zinc finger protein of the cerebellum 5 and zinc finger protein of the cerebellum 2, respectively.
The second category comprised of genes that might be associated with KTCN pathology because of their possible roles in oxidative stress and apoptosis. The first gene was dedicator of cytokinesis 9 (DOCK9 (MIM 607325)), encoding a member of the DOCK protein family that possesses GTP/GDP exchange factor activity and specifically activates G-protein, Cdc42. 35 This group also contains STK24 (MIM 604984), which encodes serine/threonine protein kinase, a member of the germinal center kinase-III subfamily of STE20-like serine/threonine protein kinases, containing N-terminal kinase domain and C-terminal regulatory domain. 36 The last category -genes of unsure importance for KTCN development -includes importin 5 gene (karyopherin b-3; IPO5 (MIM 602008)). This gene is a member of the kariopherin superfamily, which is involved in protein nuclear transport and interacts with ribosomal proteins rpL23a and rpL5 and viral proteins, for example, HPV-16E5 oncoprotein. 37, 38 The purpose of this study was to identify sequence variants in candidate genes at the 13q32 locus, which may have a role in the pathogenesis of KTCN in Ecuadorian families. To our knowledge, this is the first report presenting four sequence variants in three different genes from one susceptibility locus. All four sequence variants displayed full segregation with affected phenotype in one large family. The identification process and pedigrees of Ecuadorian KTCN families have been previously described. 29 Briefly, the diagnosis of KTCN was made in subjects on the basis of complete ophthalmic evaluation (visual acuity, intraocular pressure, biomicroscopic evaluation and fundus examination with dilation). In addition, a topographic study (Humphrey Atlas Topograph; Carl Zeiss Meditec, Jena, Germany) with a computer-assisted videokeratoscope was performed in all affected individuals as well as in individuals with a suspected corneal abnormality.
MATERIALS AND METHODS Subjects
Written informed consent was obtained from all participating individuals after explanation of possible consequences of the study, in accordance with the Declaration of Helsinki. The research protocol was approved by the Institutional Review Board at Poznan University of Medical Sciences in Poland. Novel mutation at keratoconus 13q32 locus M Czugala et al
Mutation screening
Primer pairs for amplification of all exons of MBNL1, IPO5, FARP1, RNF113B, STK24, DOCK9, ZIC5 and ZIC2, as well as intron-exon boundaries and intron of RNF113B were designed with the Primer3 v.0. 4.0 tool. 39 
PREDICTION OF FUNCTIONAL EFFECT OF IDENTIFIED SEQUENCE VARIANTS
The possible effects of identified non-synonymous amino-acid substitutions on the protein structure and function were predicted by PolyPhen (polymorphism phenotyping) and SIFT (sorting intolerant from tolerant) algorithms. The SIFT analytical tool calculates a score for the amino-acid change at a particular position. A score of 40.05 is considered as tolerated for the protein structure. 40 PolyPhen predicts which missense substitution affects the structure and function of the protein, and uses Position-Specific Independent Counts software to assign profile scores. These scores are the likelihood of a given amino acid occurring at a specific position compared with the likelihood of this amino acid occurring at any position (background frequency). 41 Evolutionary conservation of the mutated amino acids was examined using the ClustalW2 tool. 42 DOCK9, STK24 and IPO5 expression in human corneareverse transcription-PCR Total RNA from KTCN cornea, non-KTCN cornea and two lymphoblastoid cell lines derived from affected (14-09) and unaffected (14-02) members of KTCN-14 was isolated as described before. 43 The cornea tissues were obtained from two non-related Polish individuals treated in the Department of Ophthalmology, Medical University of Warsaw, Poland. A non-KTCN cornea was derived from a patient who presented with bullous keratopathy. The corneas were submersed in RNA stabilization solution, RNALater (Qiagen, Hilden, Germany), immediately after incision during the corneal transplantation surgery.
From each sample, 1 mg of total RNA was used as a template for first-strand reverse transcription-PCR (RT-PCR) to cDNA using the Enhanced Avian RT First Strand Synthesis Kit (Sigma, Sigma-Aldrich Chemie Gmbh, Steinheim, Germany) according to the manufacturer's instruction. Random nonamers were used as primers.
Gene-specific PCR reactions for the tested genes: DOCK9, STK24 and IPO5, as well as the reference GAPDH gene were performed using Taq polymerase (Sigma), 0.4 ml of each cDNA sample and 10 pM of each primer in a final reaction volume of 20 ml. The primer sequences and PCR conditions are listed in Supplementary Table S1 . To prevent amplification of sequences from the genomic DNA contamination, primers and/or amplicons were designed to cross the exon/exon boundaries. The RT-PCR products were visualized under UV light on 2% agarose gel stained with ethidium bromide.
Haplotype analysis
Pedstats 44 was used to identify potential Mendelian inconsistencies in MBNL1, IPO5, FARP1, RNF113B, STK24, DOCK9, ZIC5 and ZIC2 genes in the members of KTCN-014 family. In order to determine the full haplotype inherited along with the sequence variants occurring in affected individuals, the haplotype reconstruction was performed using SimWalk2. 45, 46 The location of the genetic markers was determined on the basis of interpolation on the Rutgers combined linkage-physical map of the human genome. 47 The haplotype was generated with HaploPainter. 48 
RESULTS

Mutation screening of candidate genes
A total of 23 members of family KTCN-014 and 2 affected individuals from each of the 14 other Ecuadorian KTCN families were screened for sequence variants using DNA sequencing. Screening of coding regions and intron-exon junctions of 8 candidate genes has revealed 92 sequence variants, 16 of which were novel changes (submitted by our team and released on NCBI dbSNP Build 135 for Human 10/13/2011) ( Table 1) .
A total of 4 heterozygous variants, identified in three different genes, namely, DOCK9, IPO5 and STK24 showed concurrently 100% segregation with the affected phenotype in the large KTCN-014 family ( Table 1 ). The substitution c.2262A4C (Gln754His) in exon 20 of DOCK9 and two intronic changes: c.2377-132A4C in IPO5 and c.1053+29G4C in STK24 were not previously described, while the fourth sequence variant c.720+43A4G in DOCK9 has been previously reported in SNP database as rs7995432 (NCBI dbSNP build 132 for Human 11/09/2010).
These four variants were then tested in 105 ethnically matched individuals (210 alleles) with no KTCN symptoms to investigate their frequency in the normal population ( Table 1 ). The sequence variant c.2262A4C (Gln754His) in exon 20 of DOCK9 was not observed in the control group, and thus likely represents a disease-causing mutation. Three other heterozygous sequence variants: c.720+43A4G in DOCK9, c.2377-132A4C in IPO5 and c.1053+29G4C in STK24 were observed in three, five and one control individuals, respectively.
Screening of 28 affected individuals from 14 other Ecuadorian families revealed the presence of IPO5 c.2377-132A4C variant in two individuals from family KTCN-013. DOCK9 c.720+43A4G variant was identified in one affected individual from each of the families KTCN-025 and KTCN-030. In light of this result, segregation of these two variants was studied in additional five, four and three available family members of KTCN-013, KTCN-025 and KTCN-030, respectively. The sequencing analysis showed a random distribution of IPO5 c.2377-132A4C and DOCK9 c.720+43A4G within affected and unaffected individuals from these three families (data not shown).
In search of short duplications or deletions as a result of potential homologous recombination between sequence fragments of RNF113B and FARP1 in affected individuals, we amplified and sequenced intron of RNF113B in two affected (14-03 and 14-05) and two unaffected (14-01 and 14-08) individuals from KTCN-014 family. The analysis revealed neither changes in sequence length nor other sequence variants.
Qualitative expression of DOCK9, IPO5 and STK24 Analysis by RT-PCR was performed to study the qualitative expression pattern of DOCK9, IPO5 and STK24 genes in human corneas and in lymphoblastoid cell lines. Specific amplification products of the expected sizes were detected in all three cDNAs -DOCK9, IPO5 and STK24 in KTCN and non-KTCN corneas and in lymhoblastoid cell lines extracted from both affected and unaffected individuals of family KTCN-014 (Figure 2 Novel mutation at keratoconus 13q32 locus M Czugala et al
PolyPhen/SIFT analysis Multiple sequence alignment of DOCK9 orthologs showed that amino acid glutamine at position 754 is highly conserved throughout the analyzed species (Figure 3 ). Analysis performed with use of PolyPhen for Gln754His mutation in exon 20 of DOCK9 pointed a 'possibly damaging' prediction result with a PSIC score difference of 1.668. SIFT tool assessed the impact of this missense substitution as tolerated by the score of 0.17.
Reconstruction of haplotypes
Reconstruction of haplotypes was performed for the chosen sequence variants in IPO5, DOCK9 and STK24. All affected individuals were present in all affected individuals in family KTCN-014, and again in individuals 14-13 and 14-21.
As we previously described, 29 ocular examination performed for individual 14-13 at age 53 did not reveal KTCN. As KTCN demonstrates reduced penetrance, we speculated that this individual with normal phenotype at age of 53 and an 'at risk' haplotype was nonpenetrant for the KTCN phenotype. Individual 14-21 was 14 years old at the time of examination, presented with no KTCN, and the 'unknown' status was assigned in accordance with the criteria applied to all families. 29 
DISCUSSION
The genetic nature of KTCN is complex, and multiple genes are likely to be involved in its development and progression. Extensive genetic studies in families with KTCN have linked several chromosomal regions to the disease. Our previous study provided evidence of a linkage between KTCN and a locus at 13q32. 29 In this paper, we described mutation screening of eight candidate genes mapped at the 13q32 locus. We hereby report the identification of four sequence variants in three different genes, DOCK9, IPO5 and STK24, from the KTCN susceptibility locus at 13q32, which segregate with KTCN phenotype within one large Ecuadorian family. Two of these sequence variants (c.2262A4C and c.720+43A4G) were identified in DOCK9. With an A to C nucleotide change, the first variant leads to Gln754His mutation. We used PolyPhen and SIFT tools to predict the impact of this mutation on the structure and function of DOCK9 protein. While SIFT tool predicted no effect from the Gln754His substitution, PolyPhen defined this mutation as possibly damaging. Differences between predictions from these two algorithms have been described and are not entirely unexpected. 40, 41 Glutamine at position 754 is highly conserved in different species. Moreover, it is present in DHR1 domain, which is shared by all DOCK family members. 49 In protein sequence of DOCK9, this domain is localized between 641 and 879 amino-acid residues. The DHR1 domain binds phospholipids and may assist in recruitment to cellular membranes. 50 There is evidence that DHR1 may also mediate protein-protein interactions. 51 For these reasons, a replacement of the neutral residue (Gln) by the polar amino acid (His) is likely to affect protein function.
The second variant in DOCK9 (c.720+43A4G) and two other variants in IPO5 (c.2377-132A4C) and STK24 (c.1053+29G4C) were identified in introns. The non-coding regions of genes, including introns, contain many regulatory elements, 52 and intronic alterations, that is, single-nucleotide changes, can result in deleterious effect on pre-messenger RNA splicing. 53 Identification of these sequence variants could be non-accidental, and they could have a role in the KTCN etiology.
The present study also showed expression pattern of DOCK9, IPO5 and STK24 genes in KTCN and non-KTCN corneas as well as in lymphoblastoid cell lines. To our knowledge, this is the first report describing expression of IPO5 and STK24 genes in human corneas.
To the best of our knowledge, the sequence variants identified in DOCK9, IPO5 and STK24 have never been described to be associated with KTCN. Sequence variants in DOCK9 were only considered as implicated in the possible etiology of bipolar disorder, 54 whereas alternative splicing and abnormal expression of IPO5 may contribute to the development of schizophrenia in the Chinese population. 55 Both genetic loci for schizophrenia and KTCN are mapped to chromosome 13q32. 29, 56 Nevertheless, there is insufficient evidence of linkage between these two syndromes. To date, only one case of the coexistence of schizophreniform disorder and KTCN was described. 57 There are no reports so far linking STK24 to cases of corneal diseases. However, several studies have implicated STK24 in triggering apoptotic cell death or suggested its role in cell response to oxidative stress. [58] [59] [60] STK24 kinase was also found to phosphorylate NDRanother serine/threonine kinase that regulates cell cycle and morphology. 61 Mst3b, a neuron-specific homolog of STK20 kinase, is a key regulator of axon regeneration in retinal ganglion cells as well as in peripheral nervous system. 62 A full segregation of the four sequence variants in DOCK9, IPO5, and STK24 genes with disease phenotype verifies the previously Novel mutation at keratoconus 13q32 locus M Czugala et al described linkage between the 13q32 chromosomal locus and familial KTCN in Ecuadorian family KTCN-014. 29 These genes became significant, as opposed to other candidate genes mapped on the long arm of chromosome 13. As the sequence variants identified in MBNL1, FARP1, RNF113B, ZIC5 and ZIC2 have been observed in both affected and unaffected individuals in the tested family, these genes may not have a major role in the KTCN pathogenesis in KTCN-014. RNF113B is an interesting gene. In mammals, this gene occurs in two copies. The first copy, RNF113A, is derived from 10-exon parental gene. Following retroposition, the RFN113A intronless copy is retroposed into the intron of NDUFA1 gene, and the parental gene, RFN113A, is lost in mammals. 63 During evolution, RNF113A retrogene was duplicated by retroposition or second segmental duplication. As a result, the second copy, RNF113B, is created. 63 Recent studies have shown that RNF113B underwent further evolution and have two transcript forms, one similar to the intronless RNF113A and one with intron gain. 63 The new intron of RNF113B was originated by recruitment of exonic sequence and contains 59 nucleotides of coding sequence and 46 nucleotides from 3¢UTR. In human, RNF113B was retroposed in opposite direction into a first intron of FARP1 gene. 63 In our previous linkage analysis for family KTCN-014, the highest peak was observed in the locus site of FARP1. 29 As the RNF113B intron structure with its sequence fragments homologous to exonic sequence could induce homology-dependent recombination events, we looked for short duplications or deletions resulting from homologous recombination between these sequence fragments in affected individuals. We sequenced RNF113B fragments, including the intron and flanking exons amplified in one amplicon. However, the sequencing analysis has not revealed any changes in sequence length, eliminating the hypothesis of the exon-intron homology as a cause of illegitimate recombination in RNF113B/FARP1.
In contrast to previous efforts, our investigation provides evidence of mutation and sequence variants that segregate with the KTCN phenotype in a large KTCN family with many affected and unaffected members. In 2006, Udar et al 27 reported a heterozygous 7-bp deletion in intron 2 of SOD1 gene as related to the KTCN etiology. This deletion showed segregation with KTCN in two families-one with two affected and three unaffected individuals accessible for analysis, and the second family with only one affected individual available for examination. Similarly, Heon et al 28 identified four mutations in VSX1 gene within six examined members of a small family with presentation of posterior polymorphous dystrophy (PPD) and/or KTCN. One of these mutations, Gly160Asp, was found in five affected patients with PPD and/or KTCN (one with PPD, three with KTCN and one with both abnormalities). However, to date, none of the subsequent studies, 64, 65 including ours, 29 have confirmed a role of changes in either VSX1 or SOD1 gene in the KTCN phenotype.
In summary, we report herein four significant variants in three different candidate genes. All individuals who carried the disease-related haplotypes were affected with KTCN. However, only c.2262A4C (p.Gln754His) mutation in DOCK9 was not observed in normal control individuals, indicating that this gene may contribute to the KTCN phenotype in the large KTCN-014 family. Further studies will be necessary to assess contribution of identified sequence variant in familial KTCN etiology. Furthermore, mutations in the linked genes that were not sequenced cannot be excluded.
